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[57) ABSTRACT

To measure the heat transfer coefficient of a sample, an
element with temperature sensitive optical properties is
placed in contact or implanted in the sample. The ele-
ment is heated or cooled. The temperature difference
between the element and the unheated sample and the
rate of heating or cooling indicate the heat transfer
coefficient of the sample. In one embodiment, the ele-
ment is heated or cooled at a constant rate. The heat
transfer coefficient of the sample is then inversely re-
lated to the difference in temperature between the ele-
ment and the unheated sample. Alternatively, the ele-
ment may be heated or cooled at such a rate that the
temperature difference between the element and the
unheated sample remains substantially constant. The
heat transfer coefficient of the sample then varies di-
rectly with the rate of heating or cooling. The heat
transfer coefficient of a sample is a measure of its com-
position and other physical properties. The composition
of gasses, liquids, the presence of bubbles in a hquid, and
fluid levels can be detected by the optical technique.
Pressure and flow rates of fluids can also be detected.
The technique can be used also to more accurately
measure the thermal conductivity and temperature of
small objects with small heat capacities.

79 Claims, 30 Drawing Figures
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1
FIBER OPTIC THERMAL ANEMOMETER

BACKGROUND OF THE INVENTION

This invention relates in general to testing of materi-
als by their thermal properties and in particular to the
testing and measuring of the thermal and physical prop-
erties of bodies of solids and fluids by means of fiberop-

tic techniques.

Physical properties of solids and bodies of fluids have
often been measured or tested through measuring or
testing their thermal properties. In U.S. Pat. No.
4,344,322 Plapp discloses a device for measuring air
flow rate using two hot wire resistors placed in the air
intake tube of an internal combustion engine.

In U.S. Pat. No. 4,344,315 Moxon et al. disclosed a
device for distinguishing between natural and simulated
gems by testing their thermal conductivities. Moxon et
al employ a test probe comprising a simpie contacting
head and a temperature sensing element mounted to a
back surface of the head and in thermal contact thereto.
The front surface of the contacting head 1s rounded and
adapted to contact gems and has a certain thermal con-
ductivity and hardness. An electrical circuit i1s con-
nected to the temperature sensing thermistor in the
temperature sensing element to provide an indication of
temperature change when the heat source thermistor 1s
energized and de-energized. When the round surface of
the head is in contact with a gem to be tested, pulses of
thermal power are cyclically applied to provide a pre-
determined amount of heat flow from the probe
through the sample gem. The resulting change 1n tem-
perature of the conducting head is determined by sens-
ing the change in resistance of the sensing thermistor
and weighting that change by the sensed thermistor
resistance. The change in temperature signal controls a
meter and LED which indicate whether the gem 1s

natural or simulated.

The above described devices and methods as well as
many other systems used in the prior art are electrical
techniques utilizing thermocouples, thermistors or resis-
tance thermometers by means of which electrical sig-
nals are generated and then converted into temperature
readings or employed for control functions. It is some-
times essential, however, to test or measure the physical
properties of materials through their thermal properties
by non-electrical techniques. This may occur: (1) where
temperatures over large areas are to be measured and
measurement by a dense distribution of thermistors or
thermocouples thus becomes impracticai; (2) where the
attachment of thermistors or thermocouples and leads
would alter the temperatures to be measured; (3) 1n
environments where because of high electromagnetic
fields metallic wires are undesirable; (4) where electri-
cal isolation 1s described such as in many medical appli-
cations; (5) where insensitivity to electrical noise gener-
ation is desired; (6) where, because of motion or remote-
ness of the part to be sensed, permanent lead wires are
impractical; or (7) where, because of corrosive chemical
environments, wire and thermal couple junctions wouid
be adversely affected, with resultant changes in electri-
cal characteristics. In these situations, optical tech-
niques frequently become preferable. Furthermore,
optical fibers may be preferable in many explosive or
radioactive environments.

In U.S. Pat. Nos. 4,345,482 Adolfsson et al. disclose a
fiberoptic device for measuring physical magnitudes
such as force elongation, pressure acceleration and tem-
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perature. The device comprises a transducer unit and an
electronic unit. The quantity to be measured 1s supplied
to the transducer unit to affect the resonance frequency
of an oscillating body included in the transducer unit by
changing the dimensions, mass, density, modulus of
elasticity and/or mechanical stress of the body. The
oscillations of the body are detected optically by means
of a fiberoptic position/movement detector. The elec-

tronic unit of the fiberoptic device then generates an

output signal representative of the oscillations of the
body and therefore measures the physical quantity.

SUMMARY OF THE INVENTION

The apparatus of this invention is for testing the ther-
mal heat transfer coefficient of samples. The apparatus
comprises a temperature sensitive element having tem-
perature sensitive optical properties and being adapted
to contact or be implanted in the sample. The apparatus
further comprises means for supplying or withdrawing
heat from the element and means for transmitting elec-
tromagnetic radiation to the temperature sensitive ele-
ment. The temperature sensitive optical properties of
the element are detected optically by the temperature
sensitive element 1s detected by a detecting means to
test the heat transfer coefficient of the sample.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of a heat source supplying
heat to a body to illustrate an observation upon which
the invention 1s based.

FIG. 2 is a schematic view of an optical and elec-
tronic system for supplying heat and measuring temper-
ature to illustrate the preferred embodiment of this

invention.
FIGS. 3A, 3B and 3C are graphic illustrations of the
reflection, transmission and absorption characteristics

of beam splitters of the system in FIG. 2.

FIGS. 3D and 3E are graphical illustrations of the
absorption and transmission characteristics of filters in
the system of FIG. 2.

FIG. 4A is a cross-sectional view of one end of the
fiberoptic portion of the system in FIG. 2 illustrating
the preferred embodiment of this invention.

FIG. 4B is a cross-sectional view of an optical fiber
illustrating an alternative construction for the optical
fiber of FIG. 2.

FIGS. 4C and 4D are schematic views of a fiberoptic
system which may be used as alternative constructions
for a part of the optical system of FIG. 2.

FIG. 4E is a cross-sectional view of a device for
heating or cooling the optical fiber of the system In
FIG. 2.

FIG. 4F is a partially cross-sectional and partially
elevational view of a section of the optical fiber of FIG.
2 and of a heating coil illustrating an alternative device
for heating the fiberoptic in the system of FIG. 2.

FIG. 4G is a cross-sectional view of one end of the

fiberoptic portion of the system in FI1G. 2 illustrating an

alternative construction of the probe tip.

FIG. 4H is a partially cross-sectional and partially
schematic view illustrating an alternative system for
transferring heat to the temperature sensitive element
by radiation.

FIGS. 5A, 5B, 5C and 5D are schematic views illus-
trating how the optical and electronic system of FIG. 2
may be used to measure the flow rate of a fluid. More
specifically, FIG. SA illustrates a “hot probe™ type
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fiberoptic flow meter. FIG. 5B illustrates’ a Karman
vortex type flow meter. FIG. 5C illustrates a thermal
dilution thermal optic flow meter. FIG. 3D illustrates a
thermal dilution fiberoptic flow meter utilizing two

fiberoptic probes. 5
FIG. 6 is a graphical illustration of temperature mea-

surement using one fiberoptic probe where the ambient

temperature changes during the measurement.
FIG. 7 is a cross-sectional view illustrating how the
system of FIG. 2 may be used to detect the presence of 10

air embolism in the blood stream:.

FIG. 8 is a schemative view illustrating how the
system of FIG. 2 may be used to determine the compo-
sition of a mixture of two or more fluids or the pressure

of the fluid.
FIG. 9 is a schematic view illustrating how the sys-

‘tem of FIG. 2 may be used to determine the pressure of
a gas by measuring the boiling point of the liquid under
the gas.

FIGS. 10A, 10B are schematic views illustrating how »q
the system of FIG. 2 may be used to determine the
levels of fluids.

FIG. 11 is a schematic view illustrating how the sys-
tem of FIG. 2 may be used to determine the thermal
conductivity of a sample.

FIGS. 12A and 12B are graphical illustrations of
temperature measurements to illustrate the advantages
of preheating or precooling of the fiberoptic probe tip in
FIG. 2. :

FIGS. 13A, 13B are graphical illustrations of temper- 3,
ature measurements to demonstrate the advantages of
preheating or precooling the fiberoptic probe tip of
FIG. 2.

DESCRIPTION OF THE PREFERRED

15

25

EMBODIMENT 35
According to conventional heat transmission theory,
the heat conduction law for solids is
dag= —kdA(dt/d
q (dt/dx) 40

which states that the steady state dq of the rate of heat
conduction is proportional to the cross-sectional area
dA normal to the direction of flow, and to the tempera-
ture gradient, —dt/dx, along the conduction path. The
quantity k in this expression is known as the thermal
conductivity of the material of the sold.

Heat transmission from a solid to a fluid occurs first
through a film of the fluid on the surface of the sold.
Then the heat transmitted through such film is transmit-
ted to the remainder of the fluid body by convection or
movement of the fluid particles themselves. According
to conventional heat transmission theory, the law for
heat transmission from a solid to a fluid 1s

45

50

dg=hdAdt 23

which states that in the steady state, dq or the rate of
heat transmission is proportional to the cross-sectional
area dA normal to the direction of flow and to the
temperature difference dt along the transmission path.
The quantity h in this expression is called the film coef-
ficient or unit conductance. For a more detailed ac-
count on heat transmission theory, see pp. 4-90 to 4-100
of Mark’s Standard Handbook for Mechanical Engi-
neers 7th edit., McGraw-Hill, N.Y., 1967.

From the above it will be noted that for heat trans-
mission in both solids and fluids the rate of heat transfer
is proportional to the temperature difference dt. For

60

65

4

any given solid or body of fluid, a quantity U may be
defined as the proportionality constant relating the
quantity of heat conducted or convected and the tem-
perature difference. Thus, for heat transmission in both

solids and fluids
do=Udi

where U for the purpose of this application may be
called the heat transfer coefficient for the particular

‘solid or body of fluid.

FIG. 1is a schematic view of a heat source 20 supply-
ing heat to a body 22. Body 22 may be a solid or a body
of fluid confined by container. The temperature of sur-
face 24 of body 22 in contact with the heat source 1s at
temperature T1 whereas the temperature of surface 26
opposite the surface 24 is at temperature T2. Then the
rate of heat transfer from heat source 20 to body 22 1s

O=U(T1-T72)

where U is the heat transfer coefficient of body 22. To
test or measure the heat transfer coefficient of a solid or
body of fluid it is necessary to supply heat to the solid or
fluid and to measure the temperatures of the solid or
fluid at the point of heat transfer and at a point on a
surface opposite to the point of heat transfer.

The heat transfer coefficient of a solid or body of
fluid depends on the physical characteristics of the solid
or fluid. For fluids or mixtures of fluids, the heat trans-
fer coefficient may indicate the type of fluids, the com-
position of the mixture of fluids, the flow rate and the
pressure of the fluids. By testing the heat transfer coeffi-
cient of the fluids or solids, such physical phenomenon
can be tested indirectly. |

FIG. 2 is a schematic view of an optical and elec-
tronic system for supplying heat and measuring temper-
ature to illustrate the preferred embodiment of this
invention. As shown in FIG. 2, the optical and elec-
tronic system 40 comprises an optical fiber 42, a heat
source 44, an excitation source 46, drivers 48,50 for the
heat and excitation sources respectively, and the micro-
processor 52 for controlling the drivers. Heat source 44
may be any source for supplying heat to the tip 34 of
fiberoptic 42. In the preferred embodiment, heat source
44 is an arc or incandescent lamp, infrared emission
diode (IRED) or laser for generating radiation which i1s
absorbed by an absorption layer 56 at or near tip 54 of
the optical fiber. The location of the absorption layer
and other possible configurations in relation to the opti-
cal fiber is discussed below. Instead of being a heat
source, source 44 may also be a cold sink such as a black
surface for absorbing radiation emitted from tip 54 so as
to cool it. The transmission of infrared or other radia-
tion between source 44 and tip 54 is accomplished
through two lenses 62,64 and beam splitter 66. Beam
splitter 66 is such that it reflects the radiation that 1s
transmitted between source 44 and tip 54. Thus, tip 34
of the optical fiber may be heated or cooled and may be
used for measuring or testing the heat transfer coeffici-
ents of solids and stationary or moving fluids. To cool
tip 54, the above-described black surface 1s cooled by a
conventional means. The beam splitter 66 reflects infra-
red light and light with longer wavelength from tip 54
but transmits light with shorter wavelength and will
cause tip 54 to be cooled.
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Instead of being an infrared absorption layer, layer 56
may also be an optical filter that absorbs light with
frequencies from the infrared through the ultraviolet
range. Source 44 may be a laser with its pumping fre-
quency in a narrow band which is absorbed by the filter.

Such narrow band may be selected from any number of

ranges within the infrared through ultraviolet frequen-
cies provided that the narrow band does not overlap
with the frequencies of emission from the luminescent
element 55 which emissions are used for determining
the temperature of the element or with the frequencies
emanating from excitation source 46. Thus, if element
55 is phosphor and the light emission at two distinct

frequencies are used for measuring the temperature of

the element (as also described below) the narrow band
pumping frequency of the laser may be of any fre-
quency separated and apart from those distinct frequen-
cies for phosphor.

From the discussion in reference to FIG. 1 1t 1s
clearly desirable to be able to measure the temperature
of the solid or fluid at a point of heat transfer. There-
fore, it is desirable to be able to measure the temperature
of tip 54 conveniently. For such purpose, tip 54 of opti-
cal fiber 42 may include therein a luminescent element
55 (shown in FIG. 4A) which emits radiation upon
being excited by excitation source 46. In the preferred

embodiment, element S5 comprises phosphor, and exci-
tation source transmits ultraviolet or visible light to

element 55. Upon being excited, phosphor element 53
will emit radiation whose emission is temperature sensi-
tive. Such emission from element 54 1s detected to de-
termine the temperature of the phosphor element. The
manner in which the temperature of phosphor may be
determined by its radiation is disclosed in U.S. Pat. Nos.
4,075,493 and 4,215,275 to Wickersheim which are in-
corporated herein by reference. The ultraviolet or visi-
ble light from source 46 is transmitted through lens 72,
reflected by beam’ splitter 74 and then transmitted
through beam splitter 66 and then focused by lens 62
onto optical fiber 42 to reach element 55. The light
emitted by phosphor element S5 is transmitted through
optical fiber 42, lens 62, beam splitters 66,74 and then
partially reflected and partially transmitted through
beam splitter 82, filters 84,86, lenses 88,90 to optical
receivers 102,104. Two optical receivers 102,104 are
required by the method disclosed in the Wickersheim
patent. Beam splitter 66 has the characteristic that it

reflects infrared radiation from source 44 or element 55
but transmits the ultraviolet or visible light from source
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46 light emitted by element 55. The temperature of 50

element 55 can be determined in accordance with the
Wickersheim method. Similarly, beam splitter 74 will
reflect ultraviolet or visible radiation from source 46 but
transmits light emission from phosphor element 35.

Beam splitter 66 will reflect radiation with wave-
lengths longer than those of visible and transmit radia-
tion with wavelengths shorter than those of infrared.
The spectra of radiation reflected and transmitted by
beam splitters 74,82 are similarly broader than those
described above. The reflection, transmission and ab-
sorption characteristics of beam splitters 66, 74 and 82
are shown in FIGS. 3A, 3B and 3C respectively. The
absorption and transmission characteristics of absorbing
filter 56 1s shown in FIG. 3D, and those of filters 84,86
are shown in FIG. 3E. The transmission characteristics
of beam splitter 66 and filter 56 are similar, and their
respective reflective and absorption characteristics
match.
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The temperature of phosphor element 5§ may also be
determined by exciting the element with light pulses
and then measuring the time required (also known as
decay time) for the phosphor element to reduce the

intensity of its luminescent emission. The decay time i1s
dependent upon the temperature of the phosphor when

emission intensity is decreasing, and is an indication of
such temperature. Other closely related parameters
such as phase are also temperature dependent and may
be measured instead of the decay time. Such methods of
determining the phosphor temperature 1s disclosed in
U.S. Pat. No. 4,245,507 to Samulskt which 1s incorpo-
rated herein by reference. The optical and electronic
system of FIG. 2 need only be modified in minor re-
spects for measuring the temperature of the phosphor
element 54 by Samulski’s method. Thus, source 46 will
emit pulses of ultraviolet or visible light. Beam splitter
82, filter 84 and lens 88 and optical receiver 102 may be
eliminated. The light received by light receiver 104 is
then analyzed with regard to any one of several parame-
ters including intensity, frequency and phase and then
used for indicating the temperature of the element 54.
Another fiberoptic temperature sensor that measures
the temperature of a sample by the rate of amplitude
decay of phosphorescence radiation from phosphor

particles is disclosed in U.S. Pat. No. 4,223,226 to Quick

et al. After the phosphor particles are stimulated by
incident light pulses, the phosphorescent radiation out-

put signals are transmitted to a photodetector and the
rate of amplitude decay is measured. The apparatus of
FIG. 2 may be modified also in minor respects for mea-
suring the temperature of the phosphor particles by
Quick et al.’s method. U.S. Pat. No. 4,223,226 to Quick
et al. 1s incorporated herein by reference.

Also incorporated herein by reference i1s U.S. Pat.
No. 4,374,328 to Tekippe et al. which discloses a photo-
luminescence indicator. The indicator includes a sample
of photoluminescent material having a photolumines-
cent decay rate which varies as a function of environ-
mental conditions such as temperature or pressure. The
sample is optically excited with a modulating signal to
generate an excitation output signal functionally depen-
dent on the modulating signal and indicative of the
unknown environmental condition. A phase detection
means compares the difference in phase between a
phase reference signal and the excitation output signal
to indicate the photoluminescent decay rate of the sam-
ple. Again, with minor adaptations the apparatus of
FIG. 2 may be adapted for measuring the temperature
of a sample by Tekippe et al.’s method.

Semiconductor temperature sensors are disclosed in
U.S. Pat. Nos. 4,136,566 to Christensen and 4,355,910 to
Quick et al. which are also incorporated herein by refer-
ence. Christensen discloses a temperature sensor utiliz-
ing a semiconductor sensing element which absorbs
monochromatic radiant energy as a function of temper-
ature. Radiant energy of a specified wavelength at the
band edge of a semiconductor is propagated through
the semiconductor and is partially absorbed. The radi-
ant energy not absorbed by the semiconductor 1s de-
tected to indicate the temperature of the semiconduc-
tor. With minor modifications, the apparatus of FIG. 2
may be used for measuring temperature by Christen-
sen’s method. Thus, the excitation source 46 transmits
light of a specified wavelength to a semiconductor ele-
ment in place of phosphor element 55. Optical receivers
102, 104 are then positioned on the other side of the
semiconductor sensor to detect the transmitted light
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through the sensor. Quick et al. discloses a semiconduc-
tor sensor which has optical wavelength-dependent
filter characteristics that varies as a function of tempera-
ture. The apparatus of FIG. 2 may be modified to mea-
sure temperature by Quick et al.’s method in substan-
tially the same manner as for Christensen’s method.
Still another alternative device for measuring temper-

ature is the liquid crystal type sensor. Such sensors are
disclosed by Rozzell et al. in U.S. Pat. No. 4,016,761 and

by Tschirren et al. in U.S. Pat. No. 4,357,106. The appa-
ratus of FIG. 2 is modified so that source 46 will contin-
uously sweep through different wavelengths. The light
reflected by the liquid crystal (in place of phosphor
element 55) is detected by recetvers 102, 104 and ana-
lyzed to detect the reflection peaks. The temperature of
the liquid crystal can be deduced from the reflection
peaks. U.S. Pat. Nos. 4,357,106 and 4,016,761 are incor-
porated herein by reference.

In U.S. Pat. No. 4,179,927 Saaski1 discloses an alterna-
tive device for measuring temperature. Saaski uses a
sensor which includes a gaseous substance that changes
in optical density with changes in its temperature. The
changes in the properties of light which passes through
the gaseous substance represents the temperature of the
material. The apparatus of FIG. 2 may be modified n
minor respects for measuring temperature using Saaski1’s
SEnsor.

Yet another device for temperature measuring is U.S.
Pat. No. 4,140,393 to Cetas for a birefringent crystal
thermometer which uses the temperature dependence
of the birefringence of certain single crystals as the
temperature sensitive parameter. Polarized hght propa-
gates through the crystal in two modes, the ordinary
ray and the extraordinary ray which have different
indices of refraction. The intensity of light passed
through a sandwich of an aligned sheet polarizer, a
crystal and an optical analyzer is a function of the bire-
fringence of the crystal. The apparatus of FIG. 2 may
be modified in minor respects to practice the method of
Cetas. U.S. Pat. No. 4,140,393 is incorporated herein by
reference.

In the above description of the preferred embodiment
in reference to FIG. 2, optical fiber 42 is used to trans-
mit light between element 54 and sources 44,46 and
receivers 102, 104. Such a configuration may allow
element 54 to sense the temperature of environments

difficult to reach by other means. It will be understood,
however, that optical fiber 42 is not essential to the
invention. Optical fiber 42 may be eliminated and thus
phosphor element 55 and filter 56 placed substantially at
the focal point of lens 62. The remaining part of the
apparatus of FIG. 2 will function in substantially the
same manner as described above for heating element 35
and also for sensing its temperature.

Most of the components of the optical and electronic
system 40 of FIG. 2 may be conveniently enclosed
within a container 110 shown in dotted lines in FIG. 2.
The components of system 40 inside the container par-
ticularly the optical components, once set up with the
proper distances between one another, will be shielded
and protected by the container. End 112 of the optical
fiber 42 1s connected to the remainder of system 40 by
means of connector 114 so that radiation from sources
44,46 are focused onto end 112 for transmission to the
phosphor element and the radiation emitted by the
phosphor element will be transmitted to receivers 102,
104 as described. Assembled in the above described
manner, probe tip 34 of system 40 may be moved conve-

10

135

20

25

30

35

40

45

50

35

60

635

8

niently for testing the heat transfer coefficients of sam-
ples while the remainder of the system remains station-
ary and protected. With the above arrangement, it will
be simple to dispose of a worn or disfunctional probe by
disconnecting optical fiber 42 from container 110. A
new and functioning optical fiber with a connector
similar to connector 114 may then be connected to the

remainder of system 40 inside the container quickly and

conveniently.
FIG. 4A is a cross-sectional view of one end of opti-

cal fiber 42 illustrating the preferred embodiment of this
invention. As shown in FIG. 4A, tip 54 of optical fiber
42 contains a phosphor element 55, absorption filter 56
and an optional reflection layer 122. Optical fiber 42
comprises a fiberoptic core 124 covered by a layer of
cladding 126 and protective cover 128. As discussed
above, the fiberoptic core 124 transmits infrared and
ultraviolet and visible light from the heat and excitation
sources towards tip 54. The infrared light or light with
other selected frequencies is absorbed by absorption
filter 56 and therefore never reaches the phosphor.
Such absorption heats up absorption filter 56 which in
turns transfers heat to phosphor element 55. Absorption
filter 56 transmits the ultraviolet and visible light to
phosphor element 55 to excite it. The light emission
from the phosphor element is then transmitted through
filter 56 and then through the fiberoptic core 124 in the
opposite direction. Such emission is then detected and
measured to determine the temperature of the phos-
phor. The optional reflection layer 122 reflects the ul-
traviolet and visible light not absorbed by phosphor
element back into the phosphor element for further
absorption and increases the signal to noise ratio of the
measurement system. It is possible to replace the phos-
phor element by one made of liquid crystal, a semicon-
ductor material or birefringent crystal and use the re-
flection layer 122 to return the transmitted temperature
indicating light signal back down the optical fiber 42 to
be detected by detectors 102, 104. The protective coat-
ing protects the phosphor tip chemically, shields it from
extraneous light and mechanically strengthens the opti-
cal fiber tip which may serve as a probe.

Where it is desirable to reduce heat transmission be-
tween the absorption filter 56 and the fiberoptic core
124, a thermal insulation layer 130 (which is optically
clear) may be inserted therebetween. Instead of using a
separate heating element as filter 56, the phosphor ele-
ment can be heated directly by ultraviolet light or other
electromagnetic radiation that will be transformed into
heat by the phosphor and its chemical binder in the
element to heat the phosphor element. Alternatively, a
specific heat absorbing medium can be combined with
the phosphor and its chemical binder. Such direct heat-
ing configurations provide high absorption efticiency.
In these configurations, there will be no separate filter
element 56 and element 55 may be heated directly and is
temperature sensitive as shown in FIG. 4G. Further-
more, the environment surrounding the phosphor ele-
ment, such as a solid or fluid, may be heated directly.
For example a body of black ink or blood may be heated
by infrared light.

FIG. 4B is a cross-sectional view of an optical fiber
illustrating an alternative construction for the optical
fiber 42 of FIG. 2. As shown in FIG. 4B, the heat ab-
sorbing filter 56 can be physically separated from the
temperature sensing phosphor element 35. This may be
desirable where the point of heat radiation needs to be
separated from the point of temperature sensing. While



4,621,929

0 .
only one optical fiber 1s shown in FIGS. 2, 4A and 4B
for the transmission of heating energy and for transmit-
ting energy for exciting the phosphor and for transmit-
ting the light emission from the phosphor element, it
will be evident that two, three or four separate optical
fibers may be used. If two optical fibers are used, one
may be used for transmitting the heat energy to heat the
phosphor element through filter 56 and the other opti-
cal fiber may be used for transmitting excitation and

light emission energy from the phosphor. If three opti-
cal fibers are used, then the three kinds of energies may
be transmitted each by a different optical fiber. If four
optical fibers are used, as shown in FIG. 4C, the light
emission from the phosphor is transmitted by two sepa-
rate fibers for the detection of two different wavelength
emissions as taught by Wickersheim. Alternatively, the
four optical fibers may merge at their ends near the
phosphor element into one fiber as shown 1n FIG. 4D.

FIG. 4E is a cross-sectional view of a device for
heating or cooling the optical fiber 42 to illustrate an
alternative device for heating or cooling the phosphor
element 55. As shown in FIG. 4E, the entire optical
fiber 42, except its very tip, is surrounded by an annular
fluid jacket 142. Fluid jacket 142 is divided into two
concentric sections by a tube 144: inner section 146 and
outer section 148 connected at one end. Fluid of a desir-
able temperature is supplied to the inner section 146
which then flows around the end of tube 144 into outer
section 148. Phosphor element 55 is then heated or
cooled to the desired temperature of the fluid. In addi-

tion, fiber 42 is protected from external temperature
variations. Preferably, tube 144 is a thermal 1nsulator, to

reduce heat transmitted between fluids in the two sec-
tions.
FIG. 4F is a perspective view of a section of the

optical fiber and the heating coil illustrating another
alternative device for heating element 55 and the sur-

rounding environment. Current i1s supplied through
leads 154 to heating coil 152 in order to heat the phos-
phor element 55 to the desired temperature. The two
methods described in reference to FIGS. 4E, 4F may be
combined with infrared light heating by source 44 and
filter 56. All such combinations are within the scope of
this invention.

Still other methods and devices for heating phosphor
element 55 and the surrounding environment instead of
the above described methods are in combination
thereof. Such methods and devices include RF electro-
magnetic, ultrasonic and microwave heating. Employ-
ing either the inductive, ultrasonic or microwave heat-
ing methods, the probe tip may look essentially similar
to tip 54 of FIG. 4A except that layer 56 instead of
being an optical filter is a material that absorbs RF
electromagnetic, ultrasonic energy energy Or micro-
wave energy and converts such energy into heat. Ele-
ment 56 then transfers heat to the phosphor element to
heat it. Such heating systems are shown schematically
in FIG. 4H, where RF, ultrasonic or microwave energy
is supplied by source 44a to element 56 to heat 1t.

From the discussion in reference to FIG. 1 for testing
or measuring the heat transfer coefficient of a solid or a
body of fluid it is necessary usually to measure the tem-
peratures at two different points in the solid or body of
fluid. If the heat capacity of the tip is much smaller than
that of the sample, and the heating or cooling rate af-
fects only the temperature of a small part of the sample,
then frequently measurement of the temperature at only
the point of heat transfer will suffice if the temperature
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of the sample portion away from the tip and unchanged
by the heating is known. In reference to FIG. 1, if the
heat capacity of body 22 is much greater than that of
source 20 and the rate of heat supplied by source 20 1s
not extraordinarily high, then except for the portion
adjacent to source 20, the temperature of the remainder
of body 22 remains unchanged. If such temperature T2
is known, then measurement of only T1 will be neces-
sary.

From the discussion in reference to FIG. 1, the heat
transmission equation for solids and fluids 1s

dg=Udt (1)

where U, the heat transfer coefficient, may be used to
measure the physical properties of solids and fluids. In
one useful application, the rate of heat transmitted, dgq,
is maintained substantially constant. Then, as the physi-
cal properties of the body tested change such as where
the body of fluid flows then the temperature difference,
dt, will change. Thus, if the temperature differences
have been calibrated against different flow rates of a
particular fluid then the particular temperature differ-
ence indicated by a measuring device, when matched
with the calibrated values, will also indicate the flow
rate of the particular fluid. The system of FIG. 2, for
example, may be so used. In reference to FIG. 2, if the
rate of heating or cooling supplied by source 44 1s main-
tained substantially constant and the tip 54 1s lowered
into the particular fluid and the difference in tempera-
ture between phosphor element 5§ and the unheated
fluid calibrated against the different flow rates of the
fluid, then the system of FIG. 2 may be used to measure
the flow rate of the same fluid.

In reference again to the equation dq=Udt, instead of

maintaining dq constant, dt may be maintained substan-
tially constant and the value of U as an indication of

changes in physical properties of the body may be cali-
brated in terms of the rate of heat dq supplied. This will
be discussed in more detail below. '

Flow Meters

FIGS. 5A, 5B, 5C and 5D are schematic views illus-
trating how the optical and electronic system of FIG. 2
may be used to measure the flow rate of a fluid. As
shown in FIG. 5A, fluid 170 flows through a tube 172.
Probe tip 54 of optical fiber 42 is inserted into the tube.
Phosphor element 55 is heated or cooled by any one or
a combination of the methods described above. The
heating of element 55 and/or filter 56 in turn heats up a
small portion of the fluid 170 that flows past tip 54.
Portion 170 may also be heated by directly shining light
on it. The temperature of the fluid that has been heated
depends on (1) the temperature of the fluid before heat-
ing (2) the heat capacity of the fluid, and (3) the flow
rate of fluid 170. Thus, if the flow rate increases, the
amount of fluid that has been heated up by tip 54 also
increases. Therefore the difference between the temper-
ature of element 55 and the temperature of the unheated
fluid would decrease since a greater amount of heat has
been carried away per unit time. The decrease in tem-
perature difference thus indicates the amount of in-
crease in the flow rate. Thus, if the amount of heat
supplied to heat the fluid is maintained substantially
constant, then the variation of the difference in temper-
ature between element 55 and the unheated fluid varies
with the flow rate. Hence, the flow rate of the liquid 170
may be calibrated against the difference in temperature
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of element 55 and the unheated fluid. After the calibra-
tion, the temperature reading from element 55 will ind:-
cate directly the flow rate if the temperature of the
unheated fluid (or fluid upstream of the element) is

known.
In equation 1, dt is the difference between the temper-

ature of the phosphor element 55 and the temperature of

the fluid before heating. Thus, if the temperature of the
fluid is changing, then it is necessary to measure repeat-
edly both the temperature of the unheated fluid and that
of the element. This can be accomplished using two
probes or only one probe in the manner described
below in reference to F1G. 3D.

How the temperature difference, dt, in equation 1
may be maintained constant by varying the rate of heat-
ing or cooling supplied will now be discussed in refer-
ence to FIG. 5A and FIG. 2. If the flow rate of fluid 170
increases so that the temperature of the element 55
begins to decrease, such decrease changes the emission
spectrum as well as the decay time of light emission by
the phosphor element. Such changes are detected by
the photoreceivers 102,104 which in turn transmits elec-
trical signals to the microprocessor 52 reflecting the
decrease in temperature. Microprocessor 52 processes
the signals in accordance with a predetermined com-
puter program and supplies signals to driver 48 to in-
crease the rate of heat supplied to tip 54 by source 44 so
as to raise the temperature of phosphor element 35 and
to maintain it at a constant temperature. If the tempera-
ture of the fluid 170 varies during the measurement in a
known manner microprocessor 52 can be programmed
in a conventional manner so that the rate of heating
supplied to phosphor element 55 will cause 1ts tempera-
ture to vary in the same manner in order to maintain a
substantially constant dt. It will be evident that the
method of maintaining a substantially constant dt may
be applied for measuring physical parameters other than
flow rates.

If a vortex generating element 174 1s placed in the
fiuid flow 170 as shown in FIQG. 5B, vortices 176 will be
generated downstream from the generating element

174. 1t is well known that the frequency of generation of

vortices is related to the velocity of the fluid flow. An
increase in the velocity of the fluid flow will cause more
vortices to be generated. The higher velocity flow asso-
ciated with the vortices will, as the vortices pass the
fiber tip 54, cause momentary drop in the temperature
of the probe tip. The frequency of these temperature
fluctuations correspond to the frequency of generation
of vortices and therefore to the fluid velocity. Thus, the

velocity of the fluid flow can be calibrated in terms of

the frquency of temperature variations of element 55.
FIG. 5C illustrates how this invention can be used for
measuring fluid flow by direct thermal dilution. As
shown in FIG. 5C, a bolus 182 of heated fluid (heated
by absorption filter 56) moves toward the end of the
fiberoptic tip 54 where the change in temperature 1s
detected. The standard way of measuring the time delay
and the temperature differences between the heated
fluid and non-heated fluid gives the measure of the fluid
flow. Instead of using a single fiberoptic as in FIG. 5C,
two or more fiberoptics may also be used as illustrated
in FIG. 5D. As shown in FIG. 5D, the bolus of liquid
182 is heated by direct absorption of radiation by the
fluid or by way of heat transferred from tip 54 which i1s
heated by any one or a combination of methods de-
scribed above. The bolus flows downstream to tip 54’ of
optical fiber 42’ and its temperature detected. The time
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delay and temperature difference measurements will
indicate the flow rates.

Using two fiberoptic probes to measure flow rates as
in FIG. 5D may be advantageous where the unheated
or ambient temperature of the fluid changes. Thus, if
two probes are used instead of one in measuring the
flow rate as in the configuration of FIG. SA, one probe
(which is unheated) can be used to measure the temper-
ature of the unheated fluid and another probe, the one
shown in FIG. 5A, used to measure the temperature of
the heated fluid. This is particularly advantageous when
the unheated or ambient temperature of the fluid
changes relatively rapidly. Once the ambient tempera-
ture is known as a function of time, the calibration curve
for flow rate against temperature assuming a constant
rate of heat transfer may be shifted by a time varying
amount as determined by the variations in the ambient
temperature as detected by one of the probes. Similarly,
two probes may also be used in the configuration of
FIG. 5B for measuring both the temperature changes
caused by the vortices and the temperature of the un-
heated fluid.

Alternatively, a single fiberoptic probe may be used
to perform the same two measurements but at different
times by turning the heat source 44 on and off periodi-
cally. The temperature detected is shown in the graph
of FIG. 6. At a later time the temperatures of the un-
heated and heated fluids are T;”" and T>" respectively.
If Ty is different from T1”, then the temperature differ-
ence must be computed at different times to measure
flow rate accurately. As shown in FIG. 6, at time Ty’
the temperature indicated by the system of FIG. 2 is the
temperature of the unheated fluid. As the heat source is
turned on, the temperature of the phosphor element
rises until it reaches a plateau T>" which indicates the
temperature of the heated fluid. The difference between
these two temperatures is dt of equation 1. Thus, if the
temperature variation of the unheated fluid increases
during the measurement, the heat source can be turned
on and off periodically at a higher frequency to increase
the accuracy of the measurement of dt.

Bubble Detector

In equation 1, U, the heat transfer coefficient also
varies with the composition of fluid flow. Thus, if
foamy air embolism is present in the bloodstream, its
presence changes the heat transfer coefficient since air
is much lower in heat conductivity than blood. As
shown in FIG. 7, when the air embolism 192 reaches the
probe tip 54, the temperature of phosphor element 33
rises. Thus, the presence of air embolism can be de-
tected. The detection of air bubbles in the bloodstream
or fluids to be transported to the vascular system 1s
critical since as little as 10 ml of air can, in some indi1vid-
uals, cause sudden vascular collapse and death.

The change in heat iransfer coefficient of the blood-
stream may be detected using the system of FIG. 2 by
either keeping the rate of heating or cooling substan-
tially constant or by maintaining substantially constant
the temperature difference between phosphor element
54 and the temperature of the thermally unaffected
bloodstream. If the rate of heating or cooling is substan-
tially constant, the arrival of air embolism will cause the
temperature of element 55 to change. If the temperature
difference is maintained constant, the arrival of air em-
bolism will be indicated by a sudden decrease in the rate
of heating or cooling which is required to maintain a
substantially constant temperature difference. Since the



4,621,929

13

temperature of the bloodstream usually remains rather
constant, the temperature of element 55 will frequently
be a direct indication of the presence of air embolism
unless there is reason to suspect that the temperature of
the bloodstream also fluctuates. Thus, in many medical
applications the embolism detector of this invention 1s
capable of detecting the presence of air embolism in a
fast and convenient manner.

While only detection of air embolism in bloodstream
is discussed in detail herein it will be evident that the
same system may be applied to detect the presence of a
first fluid in a second fluid if the two fluids are immisci-
ble and have different thermal properties (e.g. conduc-
tivities and capacities), such as the presence of gas bub-
bles in any flowing liquid. All such applications are
within the scope of this invention.

Gas Analysis

The heat transfer coefficient also changes for a mix-
ture of two or more gases having different heat capaci-
ties and conductivities if their proportions in the mix-
ture change. FIG. 8 illustrates how the apparatus of this
invention can be used to detect such change in propor-
tions. The mixture of gas 202 passes through a chamber
204. If the flow rate of gas 202 is relatively slow at the
probe tip 54, then the gas flow in chamber 204 does not
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significantly affect the temperature and heat transfer

between tip 54 and gas 202 inside the chamber. If, for
instance, the percentage of the gas component having a
higher heat conductivity is increased, heat is carried
away by gas 202 from phosphor element 55 at a higher
rate than previously. Thus, if the temperature of ele-
ment 55 has been calibrated against different percent-
ages of the components in the mixture of gases then the
temperature of the phosphor element will indicate a
certain proportion in the mixture.

When the mixture of two or more gasses having dii-
ferent heat capacitfes and conductivities is analyzed for
its composition, the above described technique is suffi-
cient if the ambient or unheated temperature and pres-
sure of the gas mixture stays essentially unchanged
during the measurement. If, however, the ambient tem-
perature and pressure of the gas mixture change during
such measurement, it will be necessary to measure such
ambient temperature and pressure variations with time
by using either a second probe spaced apart from the
first probe or by turning the one probe used on and off
periodically at an appropriate frequency in substantially
the same manner as that described above for measuring
flow rates. The shape and size and thermal properties of
the container defining chamber 204 are not significant
provided that chamber 204 defined thereby 1s large so
that at the rate of heating or cooling supplied, the tem-
perature of gas 202 on the whole does not change signif-
icantly.

Instead of supplying heat at a constant rate and then
measure the gas composition or gas pressure by changes
in temperature, the same measurements can alterna-
tively be performed by keeping the temperature sub-
stantially constant and measuring the gas composition
of pressure by the variations in the rate of heating or
cooling supplied. If the ambient temperature and/or
pressure change during the measurement, either an
additional probe should be used to measure such ambi-
ent temperature and pressure or that the same measure-

ment can be made by turning the one probe on and off
at an appropriate frequency in substantially the same
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manner as that for the flow rate measurements discussed
above. '

Pressure Measurement

FIG. 8 also illustrates how pressure of a gas or other
fluid can be measured. If chamber 204 1s a vacuum
chamber and the gas 202 inside the chamber is being
pumped out when element S5 1s heated or cooled at a
constant rate, then the difterence in temperature be-
tween element 55 and the unheated gas will rise since
there are fewer gas particles to carry away or bring heat
to the element. Therefore, if such temperature differ-
ence has been calibrated against known pressures of the
same gas, then the particular temperature difference
will indicate the pressure inside the chamber. If the
ambient temperature of the unheated gas changes with
time, it will be necessary to measure the ambient tem-
perature repeatedly so that the temperature difference
between the element and the unheated gas can be com-
puted. Alternatively, such temperature difference may

be kept constant in substantially the same manner as for
the flow rate measurement giescribed above, and the
pressure of the gas calibrated and measured as a func-
tion of the rate of heating or cooling.

Boiling Point Measurement to Indicate Pressure

As shown in FIG. 9, liquid 212 is contained in the
container 214. A gas 216 is also in container 214 and
above liquid 212. To measure the pressure of gas 216, a

tube 218 is placed vertically with one section immersed
in the liquid 212. The filter absorber 56 is spaced apart
from the phosphor element 55 and is immersed in the
liquid within tube 218. Phosphor element 55 remains
just above the liquid level to measure the temperature of
vapor and thus the boiling point of 212. Heat supphed
by filter 56 heats liquid 212 to boiling and the boiling
point is indicated by the temperature of element 53. The
temperature of phosphor element 55 can be measured
by either one of the Wickersheim or Samulski methods
discussed above. In contrast to the previous uses of the
fiberoptic device, neither the rate of heating nor the
temperature difference need to be maintained constant.
The heat supplied to the portion of the liquid inside tube
218 should be sufficient to cause it to boil. While use of
tube 218 is preferable to reduce the amount of liquid
heated to boiling, it will be evident that its use i1s not
essential and may be eliminated if desired. Since the
boiling point temperature of liquid 212 is directly re-
lated to the pressure in container 214, the temperature at
tip 54 provides a measure of this pressure.

Level Indicator

It is often desirable to be able to detect the level of
fluid inside a container such as the level of water in a
boiler and the presence of water inside a fuel tank.
FIGS. 10A, 10B illustrate how the levels of fluids can
be detected. A heavier liquid 224 and a lighter liquid
222 are contained in container 226, with a gas 228 above
liquid 224 and probe tips 54,54’ are located as shown. If
the fluid level between liquids 222 and 224 changes so
that probe tip 54’ becomes immersed in liquid 224 or
probe tip 54 becomes immersed in liquid 222, then the
temperature of phosphor elements 55,55' would change
provided that the two liquids have different heat con-
ductivities. Similarly, if the level of liquid 222 falls
below probe tip 54’ so that the probe tip is immersed In
gas 228, a change in temperature of the phosphor ele-
ment will also be detected. A mulit-level detector 1s
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shown in FIG. 10B. The three probe tips 54,54’ and 54"
are arranged at different levels within the container 244.
Thus, if container 244 is completely filled with liquid
242, then all three probes will indicate the same heat
transfer coefficient. However, as the liquid level falls
below probe tip 54", the temperature of the phosphor
element 55’ will indicate a different heat transfer coeffi-

cient. Phosphor element 55’ will indicate a similar
change in the coefficient as the liquid level falls below
probe tip 54’. Such changes will indicate the general
location of that fluid level.

Theoretically, more probes will be required if the
ambient or the thermally unaffected temperatures of the
fluids or liquids vary with time. If, however, the levels
between liquids or a gas and a liquid to be detected is
between two fluids having widely different heat con-
ductivities, the change in the heat transfer coefficient as
the level falls below a probe tip will be much greater
than those caused by changes in the ambient tempera-
ture. Such is the case in many useful applications such as
detecting the level of water in a boiler and the presence
of water in gas tank. In such applications, no extra
probes will be necessary.

Instead of maintaining constant the rate of heating or
cooling as described above substantially the same tech-
nique can be applied while maintaining a constant tem-
perature difference between the phosphor elements at
probe tips 54, 54’ and 54" and the temperatures of the
corresponding thermally unaffected fluids in substan-
tially the same manner as that of the flow meter in refer-
ence to FIG. 5D above.

Measuring Thermal Conductivity of Solids

Probe tip 54 is shaped to contact the surface of the
sample, the thermal conductivity of which 1s to be de-
termined. The phosphor element 55, being close to the
surface of tip 54 in contact with the sample, will have
essentially the same temperature as the surface of sam-
ple 252 in contact with the probe tip. The sample 252 1s
placed on a heat sink 254 at a known temperature. If the
thickness of the sample 252 at the point of contact with
tip 54 and the area of contact between the tip and the
sample are known then the thermal conductivity of
sample 252 is given by

dg= —kdAdt/dx

where dq is the rate of heat supplied to tip 54, dA 1s the
area of contact between the tip and the sample, dt 1s the
temperature difference between phosphor element 53
and the temperature of heat sink 254 and dx the thick-
ness of sample 252 at the point of contact with the probe
tip. The thermal conductivity k can be determined if the
other quantities are known or measured.

The apparatus and method of this invention may also
be used to differentiate between solids having different
heat transfer coefficients even if the solids are not in the
shape of sample 252, and are not placed in contact with
a heat sink, provided that the solids to be tested are
much larger in thermal capacity than tip 54 and that the
heat supplied by tip 54 does not significantly change the
temperature of most of the solid. Then the geometrical
factors and sizes of different solids do not matter and
different materials having different conductivities can
be differentiated simply by the temperature of phosphor
element 55 when tip 54 is in contact with the solids.

It will be noted that in the above measurement of
thermal conductivity it is assumed that all the heat sup-
plied to tip 54 is conducted through sample 252 to heat
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sink 254 and that no significant amount of heat is con-
ducted away to the environment 254. To increase the
accuracy of the above measurement, it may be prefera-
ble that tip 54 and optical fiber 42 be kept at a controlled
temperature such as by means of the heating or cooling
fluid jacket 142 illustrated in FIG. 4E.

Applications of the Two Probe and One Probe
Techniques to Above Measurements

The above-described techniques using one or two
probes in reference to FIGS. 5D, 6 for measuring the
temperatures of the phosphor element and of the un-
heated fluid is useful for most of the applications de-
scribed above. Where the ambient temperature of the
unheated fluid changes relatively rapidly, measurement
of the ambient temperature of the unheated fluid may be
crucial. Thus in measuring the flow rate of a fluid, the
composition of a gas mixture, the pressure of a fluid, the
physical parameter measured is calibrated against dt,
the difference in temperature between the phosphor
element and the unheated fluid. Thus, if the temperature
of the unheated fluid changes, repeated measurements
of such temperature will be required. When the flow
rate of a fluid is measured by the frequency of genera-
tion of vortices as described above, changes in ambient
temperature of the unheated fluid may appear as noise
in such frequency measurement. Therefore, measure-
ment of the ambient temperature will reduce such noise.
Sudden changes in ambient temperature may also ap-
pear as noise in the above-described thermal dilution,
level indication and bubble detection techniques. Thus,
repeatedly measuring the ambient temperature of the
unheated fluid will also help to reduce such noise. If a
second probe is employed to measure the ambient tem-
perature of the unheated fluid, such probe will not be
used for heating or cooling purposes but only for tem-
perature sensing.

Temperature Conditioning

Where the sample to be tested is small in heat capac-
ity as compared to the probe tip, it may be desirable to
heat or cool the probe tip so that its temperature 1s close
to the temparature of the sample it 1s heating or measur-
ing. The first advantage of temperature conditioning
the probe tip is that for measurements involving small
objects such as semiconductor devices, the measure-
ment errors are significantly reduced. For example,
assume that the sample has the same heat capacity as the
probe tip, that initially the sample is at 100° F. and the
probe tip is at 70° F. Then when a steady state 1s
reached after the probe tip contacts the sample, the
temperatures of the probe tip and the sample converge
to 85°. Thus, the medsurement of the temperature of the
sample is off by 15° from the correct value 100° F. The
temperatures of the sample and of the probe tip are
shown in FIG. 12A. If, however, the probe tip has been
preheated (curve 272) before contacting the sample as
illustrated in FIG. 12B, then upon contact the resulting
ternperature of both the sample and the probe tip will be
very close to that of the true temperature of the sample
before contact. Thus, the error in temperature measure-
ment without preheating is Temo(1) as illustrated in -
FIG. 12A. With preheating, however, the error in tem-
perature measurement has been reduced to Terro(2).

Another advantage in preheating or precooling the
probe tip to a temperature close to that of the sample 1s
that much less time will be required to perform the
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measurement. Such effect is illustrated in FIGS. 13A
and 13B. As shown in FIG. 13A, considerable time
delta T1is required to heat or cool the sample so that the
temperature of the sample is substantially the same as
that of the probe tip. If the probe tip has been preheated
or precooled to a temperature (curve 274) close to that
of the sample as illustrated in FIG. 13B, the time re-
quired to perform the measurement delta T is less than
delta T}.

The above descripton of method and construction
used is merely illustrative thereof and various changes
in shapes and sizes, materials or other details of the
method of construction may be within the scope of the
appended claims.

What is claimed is:

1. An apparatus for testing the heat transfer coeffici-
ent of a sample in an environment comprising:

an element having temperature sensitive optical prop-

erties and being adapted to contact or to be 1m-
planted in the sample;

radiation heat transfer means for directly supplying

heat to the element;

means for transmitting electromagnetic radiation to

said element; and

means for optically detecting said temperature sensi-

tive optical properties of the element to test the
heat transfer coefficient of the sample, whereby the
difference between the temperature of the element
and that of the environment is an indication of the
heat transfer coefficient of the sample.

2. The apparatus of claim 1, further comprising a
length of optical fiber having a first and a second end,
wherein said element is held at the first end of said fiber
and wherein said transmitting means and detecting
means are held at the second end of the fiber.

3. A probe apparatus for testing the heat transfer
coefficient of a sample in an environment, comprising:

a length of optical fiber having a first and a second

end; and

an element held in optical communication with the

first end of said optical fiber, said element having
temperature sensitive optical properties and being
adapted to contact or to be implanted in the sam-
ple, wherein the second end of the optical fiber 1s
adapted to be connected to (a) a radiation heat
transfer means for directly heating the element, (b)
means for transmitting electromagnetic radiation to
said element and (c) means for detecting the tem-
perature of the element optically, in order to test
the heat transfer coefficient of the sample whereby
the difference between the temperature of the ele-
ment and that of the environment is an indication of
the heat transfer coefficient.

4. The apparatus of claims 1 or 3, wherein the radia-
tion heat transfer means supplies heat at a substantially
constant rate from said sample so that the heat transfer
coefficient of the sample is inversely related to the dif-
ference between the temperature of the element and the
ambient temperature.

5. The apparatus of claim 3, wherein the heat capac-
ity of the sample is much greater than that of the ele-
ment and the rate of heating of the sample is such that
the ambient temperature of a large portion of the sample
is substantially unaltered thereby.

6. The apparatus of claims 1 or 3, wherein the radia-
tion heat transfer means supplies heat at such rate that
the difference between the temperature of the element
in contact with the sample and the ambient temperature
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is substantially constant, so that the heat transfer coeffi-
cient of the sample is proportional to the rate of heating.

7. The apparatus of claim 6, wherein the heat capac-
ity of the sample is much greater than that of the ele-
ment and the rate of heating of the sample is such that
the ambient temperature of the sample is substantially
unaltered thereby so that when such ambient tempera-
ture remains substantially constant, the temperature of

the element is maintained substantially constant.

8. The apparatus of claims 1 or 3 wherein the temper-
ature sensitive element includes a luminescent material
in its composition.

9. The apparatus of claim 8, further comprising means
for detecting the intensities of radiation at two distinct
wavelengths from the luminescent material in said ele-
ment to determine the temperature of the temperature
sensitive element. |

10. The apparatus of claim 8, further comprising
means for detecting the luminescent response of the
luminescent material in said element over time to deter-
mine the temperature of the temperature sensitive ele-
ment.

11. The apparatus of claim 10, wherein said lumines-
cent response detecting means detects a parameter in-
dicative of the luminescent decay time of the lumines-

cent material.
12. The apparatus of claims 1 or 3 wherein the tem-
perature sensitive element is a liquid crystal sensor

whose light reflectance is a function of its temperature.
13. The apparatus of claims 1 or 3 wherein the tem-

perature sensitive element includes a semiconductor
material which absorbs light energy as a function of
temperature.

14. The apparatus of claims 1 or 3 wherein the tem-
perature sensitive element includes a luminescent mate-
rial and wherein said radiation heat transfer means com-
prises:

an optical filter that absorbs electromagnetic radia-

tion, said filter placed in heat conductive relation-
ship with the element; and

source for supplying electromagnetic radiation to

said filter for heating the elements by heating the
optical filter.

15. The apparatus of claim 14 wherein the optical
filter absorbs electromagnetic radiation in a manner that
does not interfere substantially with the transmission of
electromagnetic radiation by the transmitting means to
said element.

16. The apparatus of claim 14 wherein the optical
filter and the temperature sensitive element 1s one mem-
ber comprising a heat absorbing medium into which a
temperature sensitive material 1s dispersed.

17. The apparatus of claim 16 wherein the tempera-
ture sensitive material is phosphor.

18. The apparatus of claims 2 or 3 wherein the tem-
perature sensitive element includes a luminescent mate-
rial and wherein said radiation heat transfer means com-
prises:

an optical filter that absorbs light in a manner which

does not interfere substantially with the transmis-
sion of electromagnetic radiation to said element
by the transmitting means and with the optical
detection of the temperature of the element, said
filter placed between said first end and the element
and in heat conductive relationship with the ele-
ment; and

source for supplying light to said second end, said

light being transmitted by the optical fiber to its
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first end for heating the element by heating the
optical filter.

19. The apparatus of claim 18 wherein the optical
filter absorbs light within a frequency range which does
not overlap with the frequencies of radiation emaitted by
the element and of radiation transmitted by the trans-
mitting means.

20. The apparatus of claim 19 wherein the optical
filter absorbs infrared hight.

21. The apparatus of claims 2 or 3 wherein the tem-
perature sensitive element includes phosphor in 1ts com-
position and wherein said radiation heat transfer means
comprises a source for supplying ultraviolet light to said
second end which is then transmitted by the optical
fiber to the phosphor in the temperature sensitive ele-
ment to heat the element.

22. The apparatus of claims 1 or 3 wherein said radia-
tion heat transfer means comprises:

a heating member which absorbs radio frequency

electromagnetic waves, said heating member being
placed in heat conductive relationship with said

element; and
means for supplying radio frequency electromagnetic
waves to said heating member to supply heat to

said element.

23. The apparatus of claims 1 or 3 wherein said radia-
tion heat transfer means comprises:

a heating member which absorbs ultrasonic waves,
said heating member being placed in heat conduc-
tive relationship with said element; and

a source for supplying ultrasonic waves to said heat-
ing member.

24. The apparatus of claims 1 or 3 wherein said radia-
tion heat transfer means comprises means for supplying
heat to a medium surrounding the element.

25. A probe apparatus for testing the heat transfer
coefficient of a sample in an environment, comprising:

a length of optical fiber;

an element held in optical communication with a first
end of said optical fiber, said element having tem-
perature sensitive optical properties and being
adapted to contact or to be implanted in the sam-
ple; and

radiation heat transfer means for directly supplying
heat to the element to test the heat transfer coeffici-
ent of the sample whereby the difference between
the temperature of the element and that of the
environment is an indication of the heat transfer
coefficient of the sample.

26. An apparatus for testing the heat transfer coeffici-

ent of a sample in an environment comprising:

a length of optical fiber;

an element held in optical communication with one
end of said fiber, said element having temperature
sensitive optical properties and being adapted to
contact or to be implanted in the sample;

radiation heat transfer means for directly supplying
heat to the element;

means at the other end of the fiber for transmitting
electromagnetic radiation to said element; and

means at the other end of the fiber for optically de-
tecting said temperature sensitive optical proper-
ties of the element to test the heat transfer coeffici-
ent of the sample whereby the difference between
the temperature of the element and that of the
environment is an indication of the heat transfer
coefficient of the sample.
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27. An apparatus for testing the thermal heat transfer
coefficient of a sample in an environment comprising:

a first length of optical fiber;

a temperature sensitive element held at a first end of
said optical fiber, said element having temperature
sensitive luminescent properties and being adapted
to contact or to be implanted in the sample;

radiation heat transfer means for directly supplying
heat to the element;

means at the second end of the optical fiber for excit-
ing said temperature sensitive element; and

means at said second end of the optical fiber for opti-
cally detecting the temperature sensitive lumines-
cent properties of said element to test the heat
transfer coefficient of the sample whereby the dif-
ference between the temperature of the element
and that of the environment is an indication of the
heat transfer coefficient of the sample.

28. The apparatus of claim 27 wherein said element
includes phosphor in its composition and wherein said
means for exciting said temperature sensitive element
comprises a source of ultraviolet light.

29. The apparatus of claim 28, wherein said radiation
heat transfer means comprises an infrared light source,
said apparatus further comprising four additional opti-
cal fibers in optical communication with said first length
of optical fiber, the four additional lengths of optical
fibers being so spatially oriented that a first additional
optic fiber is used to transmit ultraviolet light from the
exciting means to said element, a second additional
optical fiber transmits infrared light from the infrared
light source to said element, a third and a fourth addi-
tional optical fiber for transmitting the electromagnetic
transmission from said element to detectors for detect-
ing the intensities of radiation at two distinct wave-
lengths from the phosphor in said element.

30. An apparatus for measuring the flow rate of a
fluid comprising:

a length of optical fiber;

a temperature sensitive element held at a first end of
said optical fiber, said element having temperature
sensitive luminescent properties and being adapted
to be placed in the flowing fluid;

radiation heat transfer means for directly supplying
heat to the element:

means at the second end of the optical fiber for excit-
ing said temperature sensitive element; and

means at the second end of the optical fiber for de-
tecting electromagnetic radiation emitted by said
element to indicate the flow rate of the fluid
whereby the difference between the temperature of
the element and that of the unheated fluid is an
indication of the flow rate.

31. The apparatus of claim 30 wherein the radiation
heat transfer means supplies heat to the element at a
substantially constant rate so that the flow rate of the
fluid varies inversely with the difference in temperature
between the element and the fluid thermally unaffected
by the radiation heat transfer means.

32. The apparatus of claim 30 wherein the radiation
heat transfer means supplies heat at such a rate that the
difference in temperature between the element and the
fluid thermally unaffected by the radiation heat transfer
means remains substantially constant so that the flow
rate of the fluid varies directly with the rate of heating
of the element.
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33. A method for measuring the flow rate of a fluid by’

means of an element having temperature sensitive lumi-
nescent properties, said method comprising;:

placing the temperature sensitive element in the flow-
ing fluid;

directly supplying heat to the element;

exciting said temperature sensitive element to lumi-
nescence;

detecting the electromagnetic radiation emitted by
said element to detect the temperature of the ele-
ment; and

detecting the temperature of the unheated fluid so
that the difference between the temperature of the
element and that of the unheated fluid 1s an indica-
tion of the flow rate of the fluid.

34. An apparatus for measuring the flow rate of a

fluid comprising:

a length of optical fiber;

a temperature sensitive element held at one end of
said fiber optic, said element having temperature
sensitive luminescent properties and being adapted
to be placed in the flowing fluid;

a vortex generating element also placed in the flow-
ing fluid but at a location upstream relative to said
element so that vortices generated thereby will
come into contact with the element;

radiation heat transfer means for directly supplying
heat to the element;

means at a second end of the optical fiber for exciting
said temperature sensitive element; and

means at a second end of the optical fiber for detect-
ing electromagnetic radiation emitted by said ele-
ment to determine the frequency of generation of
vortices which indicates the flow rate of the fluid.

35. The apparatus of claim 34 wherein the radiation
heat transfer means supplies heat to the element at a
substantially constant rate so that when the vortex
comes into contact with the first end of said fiber, the
higher flow rate of the vortex will cause the tempera-
ture of said element to fluctuate so that the frequency of
such temperature fluctuations will indicate the fre-
quency of generation of the vortices.

36. The apparatus of claim 34 wherein the radiation
heat transfer means supplies heat at such a rate that the
difference in temperature between the element and the
fluid thermally unaffected by the radiation heat transfer
means remains substantially constant so that when a
vortex reaches the first end of said fiber, the high flow
rate of the fluid at the vortic will cause the rate of heat
supplied to the element to increase momentarily so that
the frequency of such momentary increases in the heat
transfer rate will indicate the frequency of generation of
the vortices.

37. A method for measuring the flow rate of a fluid by
means of an element having temperature sensitive lumi-
nescent properties and a vortex generating element, said
method comprising:

placing the temperature sensitive element in the flow-
ing fluid;

placing the vortex generating element in the flowing

" fluid at a location upstream relative to said element
so that vortices generated thereby will come into
contact with the element;

directly supplying heat to the element

exciting said temperature sensitive element to lumi-
nescence; and

detecting the electromagnetic radiation emitted by
said element to determine the frequency of genera-
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tion of vortices which indicates the flow rate of the
fluid.

38. An apparatus for measuring the flow rate of a
fluid comprising;:

a length of optical fiber;

a temperature sensitive element held at one end of
said fiber, said element having temperature sensi-
tive luminescent properties and being adapted to be
placed in the flowing fluid;

radiation heat transfer means for supplying heat to a
bolus of fluid at a known distance upstream from
said element;

means at a second end of the optical fiber for exciting
said temperature sensitive element; and

means at said second end of the optical fiber for de-
tecting electromagnetic radiation emitted by said
element to determine the time of arrival and tem-
perature differences of said bolus of fluid at the
element thereby also determining the flow rate of
the fluid wherein the radiation heat transfer means
comprises means for heating a portion of the opti-
cal fiber between the first and second ends, said
portion being placed upstream and at a known
distance from said element.

39. The apparatus of claim 38 wherein sald means for

heating a portion of the optical fiber comprises:

an optical filter that absorbs electromagnetic radia-
tion but transmits at least some light emitted by said
element upon excitation, said filter placed between
said first and second ends of the optical fiber; and

source for supplying electromagnetic radiation to
said second end of the fiber for heating the optical
filter.

40. An apparatus for measuring the flow rate of a

fluid comprising;:
a length of optical fiber;
a temperature sensitive element held at one end or
said fiber, said element having temperature sensi-
tive luminescent properties and being adapted to be
placed in the flowing fluid;
a radiation heat transfer means for supplying heat to
a bolus of fluid at a known distance upstream from
said element;
means at a second end of the optical fiber for exciting
said temperature sensitive element and;
means at said second end of the optical fiber for de-
tecting electromagnetic radiation emitted by said
element to determine the time of arrival and tem-
perature differences of said bolus of fluid at the
element thereby also determining the flow rate of
the fluid, wherein said radiation transfer means
comprises:
a length of a second optical fiber adapted to be
" placed in the fluid upstream from said element;
an optical filter that absorbs electromagnetic radia-
tion, said filter being implanted in said second
optic fiber so that heating of the filter will cause
heat to be transferred between the filter and the
fluid surrounding the second optical fiber; and

source for supplying a pulse of electromagnetic
radiation to said second optical fiber for heating
the filter momentarily so that the bolus of fluid
surrounding the filter will be heated before 1t
reaches said element.

41. A method for measuring the flow rate of a fluid by
means of a length of optical fiber and an element having
temperature sensitive luminescent properties placed at
one end of the optical fiber, said method comprising:
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placing the temperature sensitive element and said
one end of the optical fiber in the flowing flud;
directly supplying heat to a portion of the optical
fiber for heating a bolus of fluid at a known dis-
tance upstream from said element;
exciting said temperature sensitive element to lumi-
nescence; and
detecting the electromagnetic radiation emitted by
said element to determine the time of travel and
temperature differences of said bolus of fluid
thereby also determining the flow rate of the fluid.
42. An apparatus for detecting the presence of a first
fluid in a second fluid, said two fluids being immiscible
and having different thermal properties, said apparatus
comprising:
a length of optical fiber a first end of which 1s adapted
to be inserted into the second fluid;

a temperature sensitive element held at the first end of

said fiber, said element having temperature sensi-
tive luminescent properties;

radiation heat transfer means for directly supplying

heat to the element;

means at a second end of the optical fiber for exciting

said temperature sensitive element; and

means at a second end of the optical fiber for detect-

ing electromagnetic radiation emitted by said ele-
ment to detect the temperature of the element and
the presence of the first fluid whereby such pres-
ence is indicated by a change in temperature of the
element.

43. The apparatus of claim 42 wherein the radiation
heat transfer means supplies heat to the element at a
substantially constant rate so that the presence of the
first fluid 1s indicated by a change 1n temperature of said
element.

44. The apparatus of claim 42 wherein the radiation
heat transfer means supplies heat to the element at such
rate that the difference in temperature between the
element and the second fluid thermally unaffected by
the radiation heat transfer means remains substantially
constant so that the presence of the first fluid is indi-
cated by a change in the rate of heat supplied or with-
drawn from the element.

45. The apparatus of claim 42 wherein said first fluid
1s a gas and said second fluid is a liquid.

46. The apparatus of claim 45 wherein the liquid is
blood and the gas to be detected is air embolism.

47. A method for detecting the presence of a first
fluid in a second fluid said two fluids being immiscible
and having different thermal properties by means of an
element having temperature sensitive luminescent prop-
erties, said method comprising:

placing the temperature sensitive element in the sec-

ond fluid:

directly supplying heat to the element;

exciting said temperature sensitive element to lumi-

nescence; and

detecting the electromagnetic radiation emitted by

sald element to detect the temperature of the ele-
ment and the presence of the first fluid in the sec-
ond fluid whereby such presence is indicated by a
change 1n temperature of the element.

48. An apparatus for determining the composition of
a mixture of fluids having different heat capacities and
conductivities, comprising:

a length of optical fiber;

a temperature sensitive element held at a first end of

said optical fiber, said element having temperature
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sensitive luminescent properties and being adapted
to be placed in the fluid mixture;

radiation heat transfer means for directly supplying

heat to the element;

means at a second end of the optical fiber for exciting

sald temperature sensitive element; and

means at a second end of the optical fiber for detect-

ing electromagnetic radiation emitted by said ele-
ment to indicate the temperature of the element
and the composition of the fluid mixture whereby
the temperature of the element is an indication of
the composition of the fluid mixture.

49. The apparatus of claim 48 wherein the radiation
heat transfer means supplies heat to the element at a
substantially constant rate so that the proportion of a
fluid in the fluid mixture with a lower thermal capacity
and conductivity varies inversely with a ditference in
temperature between the element and the fluid mixture
thermally unaffected by the radiation heat transfer
means.

50. The apparatus of claim 48 wherein the radiation
heat transfer means supplies heat at such a rate that the
difference in temperature between the element and the

-fluid mixture thermally unaffected by the heat transfer

means remains substantially constant so that the propor-
tion of the fluid in the mixture with a smaller heat ca-
pacity and heat conductance varies directly with the
rate of heating of the element.

51. An apparatus for measuring the pressure of a fluid
comprising:

a length of optical fiber;

a temperature sensitive element held at a first end of
sald optical fiber, said element having temperature
sensitive luminescent properties and being adapted
to be placed in the fluid;

radiation heat transfer means for directly supplying
heat to the element;

means at the second end of the optical fiber for excit-
ing said temperature sensitive element; and

means at the second end of the optical fiber for de-
tecting electromagnetic radiation emitted by said
element to detect the temperature of the element
and the pressure of the fluid whereby the tempera-
ture of the element 1s an indication of the pressure
of the fluid.

52. The apparatus of claim 51 wherein the radiation
heat transfer means supplies heat to the element at a
substantially constant rate so that the pressure of the
fluid varies inversely with a difference in temperature
between the elements and the fluid thermally unaffected
by the radiation heat transfer means.

53. The apparatus of claim 51 wherein the radiation
heat transfer means supplies heat at such a rate that the
difference in temperature between the element and the
fluid thermally unaffected by the radiation heat transfer
means remains substantially constant so that the pres-
sure of the fluid varies directly with the rate of heating
or cooling of the element.

54. A method for measuring the pressure of a fluid by
means of an element having temperature sensitive lumi-
nescent properties, said method comprising:

placing the temperature sensitive element in the fluid;

directly supplying heat to the element;

exciting said temperature sensitive element to lumi-
nescence; and

detecting the electromagnetic radiation emitted by
sald element to detect the temperature of the ele-
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ment, said temperature being an indication of the a second element held at one end of said second opti-

pressure of the fluid. ' cal fiber, said second element having temperature
55. An apparatus for measuring the pressure of a gas sensitive luminescent properties and being adapted

above a liquid comprising: to be placed 1n the fluid at a Jocation substantially

a length of optical fiber; 5 unaffected by the heating by the radiation heat
a temperature sensitive element held at a first end of transfer means; | -

said optical fiber, said element having temperature means at the other end of the optical fiber for exciting

sensitive luminescent properties and being adapted said second element; and |

to be placed in the gas at a location immediately means at said otl?er enc_:l f{f the ﬁper for det?ctmg the

above the surface of the liquid; 10 electromagnetic rqdlatlon emitted by said second
means for heating the liquid to boiling state; element to determmfa the temperature of the ther-
means at the second end of the optical fiber for excit- mally unaffected fluid.

61. The apparatus of claims 31, 35, 43, 49, 52 or 58

further comprising means for turning the radiation heat
15 transfer means on and off periodically, so that the radia-
tion detected by the detecting means at a time during
which the radiation heat transfer means is on indicates
the temperature of the element when it is heated, and
the radiation detected at a selected time after the radia-
20 tion heat transfer means is turned off indicates the tem-
perature of the thermally unaffected fluid at such time.
62. The apparatus of claim 61 wherein said means for
turning on and off the radiation heat transfer means is
adapted to turn on and off the radiation heat transfer
25 means at a selected rate that corresponds to the rapidity
of temperature variations of the fluid thermally unaf-
fected by the radiation heat transtfer means.
63. The apparatus of claim 57 wherein the radiation

. | . diats ied b heat transfer means supplies heat to each element at
detecting the electromagnetic radiation emitted bY 34 o oh rate that the difference in temperature between

said element to determine the temperature of the o\ element and the portion of the fluid thermally
vapor frgm _ the': boiling liquid said temperature unaffected by the radiation heat transfer means remains
being an indication of the pressure of the gas. substantially constant so that when the level between
~ 57. An apparatus for determining levels between  yhe flyid into which such element is placed and the fluid
immiscible fluids having different thermal capacities 35 jmmediately above falls below the level of such element

ing said temperature sensitive element; and

means at a second end of the optical fiber for detect-
ing electromagnetic radiation emitted by said ele-
ment to determine the temperature of the vapor
from the boiling liquid said temperature being an
indication of the pressure of the gas.

56. A method for measuring the pressure of a gas
above a liquid by means of an element having tempera-
ture sensitive luminescent properties, said method com-
prising:

placing the temperature sensitive element in the gas at

a location immediately above the surface of the
liquid;

heating the liquid to a boiling state;

exciting said temperature sensitive element to lumi-

nescence; and

and conductivities, said apparatus comprising: such change in level is indicated by a rise in the rate of

a plurality of optical fibers, each fiber being placed heat supplied to the element.
with its first end placed at a desired location in one 64. The apparatus of claims 32, 36, 44, 50 or 63
of the fluids for determining the level between said wherein the radiation heat transfer means includes a
fluid and the fluid immediately above; 40 control means comprising:

a temperature sensitive element held at each of the means for measuring the temperature of the thermally
first ends of said plurality of optical fibers, said unaffected fluid; and
element having temperature sensitive luminescent means responsive to the difference between the tem-
properties and being adapted to be placed in the perature of the element and that of the thermally
corresponding fluid; 45 unaffected fluid for changing, when required, the

radiation heat transfer means for directly supplying rate of heating so that such difference remains
heat to each of the elements; substantially constant.

means at the second end of each optical fiber for 65. A method for determining the level between two
exciting the temperature sensitive element held at  jmmiscible fluids having different thermal properties as
the first end of such fiber; and 50 the level changes, with an element having temperature

means at the second end of each optical fiber for sensitive luminescent properties, said method compris-
detecting electromagnetic radiation emitted by the ing:

element held to such fiber to detect the tempera- placing the temperature sensitive element at a desired
ture of each element, said temperature being an location in the fluid with the lower altitude for
indication of the levels between the fluids. 55 determining the level between said fluid and the
58. The apparatus of claim 57 wheretn the radiation fluid above: |
heat transfer means supplies heat to each element at a directly supplying heat to the element;
substantially constant rate so that when the level be- exciting the temperature sensitive element to lumines-
tween the fluid in which the element is placed and the cence; and
fluid immediately above falls below.the level of saild 60 detecting the electromagnetic radiation emitted by
element, such change in level is indicated by a change in the element to detect the temperature of the ele-
temperature of such element. ment, said temperature being an indication of the
59. The apparatus of claims 31, 35, 43, 49, 52 or 58 level between the fluids as 1t changes.
further comprising means for measuring the tempera- 66. An apparatus for measuring the thermal conduc-
ture of the thermally unaffected fluid. 65 tivity of a solid sample comprising:
60. The apparatus of claim 59 wherein said tempera- a length of optical fiber;
ture measuring means COmprises: a temperature sensitive element held at a first end of

a length of a second optical fiber; said optical fiber, said element having temperature
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sensitive luminescent properties and being adapted
to contact one side of the solid sample;

a radiation heat transfer means for directly supplying

heat to the element;

means at a second end of the optical fiber for exciting

said temperature sensitive element; and

means at said second end of the optical fiber for de-

tecting electromagnetic radiation emitted by said
element to detect the temperature of the element
which indicates the thermal conductivity of the
solid sample.

67. The apparatus of claim 66 further comprising a
heat sink adapted to contact a solid sample on a side
opposite to that in contact with said element so that a
steady temperature gradient may be maintained in the
sample for measuring its thermal conductivity.

68. The apparatus of claim 66 wherein the thermal
capacity of said element is much smaller than that of the
solid sample and wherein the radiation heat transfer
means is such that the heat supplied to the solid sample
through the element does not significantly change the
temperature of most of the solid, so that the temperature
of the phosphor element is an indication of the thermal
conductivity of the material of which the sample 1s
composed.

69. The apparatus of claims 25, 30, 34, 38, 42, 48, 51,
55, 57 or 66 wherein the temperature sensitive element
includes phosphor in its composition.

70. The apparatus of claim 69 further comprising
means for detecting the intensities of radiation at two
distinct wavelengths from the phosphor in said element
to determine the temperature of the temperature sensi-
tive element.

71. The apparatus of claim 69 further comprising
means for detecting the luminescent response of the
phosphor in said element over time to determine the
temperature of the temperature sensitive element.

72. The apparatus of claim 71, wherein said lumines-
cent response detecting means detects a parameter re-
lated to the luminescent decay time of the phorphor.

73. The apparatus of claims 25, 30, 34, 42, 48, 31, 55,
57 or 66 wherein the temperature sensitive element
includes phosphor in its composition and wherein said
radiation heat transfer means comprises:

an optical filter that absorbs infrared light but trans-

mits light emitted by the phosphor upon excitation,
said filter placed between said first end and the
element and in heat conductive relationship with
the element; and

infrared light source for supplying infrared light to

said second end which is then transmitted by the
optic fiber to its first end for heating the element by
heating the optical filter.

74. The apparatus of claims 30, 34, 38, 42, 48, 51, 55,
66 or 68 wherein said element includes phosphor in its
composition and wherein said means for exciting said
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temperature sensitive element comprises a source of
ultraviolet light. |

75. The apparatus of claim 74, wherein said radiation
heat transfer means comprises an infrared light source,
said apparatus further comprising four additional
lengths of optical fibers in optical communication with
said length of optical fiber, the four additional lengths of
optical fibers being so spatially oriented that a first
additional optical fiber is used to transmit ultraviolet or
visible light from the exciting means to said element, a
second additional optical fiber transmits infrared light
from the infrared light source to said optical filter, a
third and a fourth additional optical fiber for transmit-
ting the electromagnetic transmission from said element
to detectors for detecting the intensities of radiation at
two distinct wavelengths from the phosphor in said
element.

76. A method for measuring the thermal conductivity
of a solid sample with an element having temperature
sensitive luminescent properties, said method compris-
ing:

contacting one side of the solid sample with the ele-

ment;

directly supplying heat to the element;

exciting said temperature sensitive element to lumi-

nescence; and

detecting the electromagnetic radiation emitted by

said element to detect the temperature of the ele-
ment, said temperature being an indication of the
thermal conductivity of the solid sample.

77. A method for improving the accuracy of tempera-
ture measurement wherein the measurement apparatus
comprises a temperature probe housing, a temperature
sensitive element held at the probe tip of said housing
and means for determining the temperature of said ele-
ment when said element is held in contact with a sample
the temperature of which is to be measured, said
method comprising:

determining the approximate temperature of the sam-

ple;

directly heating, through radiation, the probe tip and

the temperature sensitive element to a temperature
substantially equal to the approximate temperature
of the sample to reduce the heat transfer between
the probe tip and the element when they are placed
in contact; and

bringing said element into contact with the sample

and measuring the temperature of the sample.

78. The probe apparatus of claim 25 further com-
prises means at the second end of the optic fiber for
exciting said temperature sensitive element.

79. The apparatus of claim 57 wherein said element
includes phosphor in its composition and wherein said
means for exciting said temperature sensitive element

comprises a source of ultraviolet light.
3 * ¥ * #*
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CERTIFICATE OF CORRECTION

PATENT NO. 4,621,929 Pagce 1 of 2
DATED Nov. 11, 1986
INVENTOR(S) : Phillips

|t is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

Col. 20, line 30: "optic" should be --optical--;

Col. 21, line 6: insert --by radiation-- after "element";
Col. 21, line 49: "vortic" should be --vortex--;

Col. 21, line 64: insert --by radiation-- after "element";
Col. 22, line 37: "or" should be --of--; .

Col. 23, line 3: 1insert --by radiation-- after "heat":

Col. 23, line 55: insert --by radiation-- after "element";
Col. 24, line 24: insert --radiation-- before "heat":

Col. 24, line 64: insert --by radiation-- after "element":
Col. 25, line 11: insert.—+thr0ugh radiation-- after "state'";
Col. 25, line 26: insert --through radiation-- after "state";
Col. 27, line 40: "phorphor" should be --phosphor--;

Col. 27, line 52: "optic" should be --optical--;

Col. 27, line 55: "68" should be --78--:
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